. In the R8, while the remaining 70% contain UV-Rh4 in R7 dorsal rim area, both R7 and R8 contain the UV-Rh3. and green-Rh6 in R8. We show here that the distinction These ommatidia form a polarizing filter that detects between the rhodopsins expressed in the two classes the polarization vector of UV light reflected by the sky of ommatidia depends on a series of highly conserved 
However, genetic experiments indicate that at least two Ϫ160, and Ϫ137) did not affect its expression in pR7 and dorsal rim area. However, most of the lines analyzed mechanisms regulate the coordinate expression of R7/ R8 rhs. For instance, in sevenless or boss mutants, both also exhibited a differential dorsoventral expression, which was also observed with an anti-Rh3 antibody of which result in the absence of R7 cells, rh5 is drastically reduced and rh6 is expanded to almost all R8 cells (data not shown): the transgenes were expressed strongly in 30% of ommatidia throughout the eye, but (Chou et al., 1996; Papatsenko et al., 1997). In contrast, the specific loss of R8 cells does not affect the mutually in the dorsal region also exhibited weaker expression in the remaining 70% ). This exclusive expression of rh3 and rh4 in R7 (Chou et al., 1999). Thus, a stochastic choice is made between p and weaker expression was lost with the Ϫ137 construct, suggesting that Ϫ160 to Ϫ137 carries an element rey subtypes in R7, which is then communicated to R8. This suggests that a "horizontal" pathway sets up exclusponsible for weak expression in the y ommatidia within the dorsal region of the eye. A deletion analysis of the sion between rh3 and rh4 in R7 cells, and a "vertical" mechanism coordinates the expression between R7 and rh4 promoter (Ϫ1900, Ϫ373, Ϫ276, Ϫ159, and Ϫ63) confirmed that 159 bp of upstream sequence was the mini-R8 rhs, leading to expression of rh4 and rh6 in y ommatidia, and rh3 and rh5 in p ommatidia. mal sequence able to faithfully reproduce rh4 expression in yR7 cells (Fortini and Rubin, 1990) . A Ϫ276 bp To explore the molecular mechanisms of p/y specification, we undertook an analysis of the promoters of promoter fragment was the minimal sequence capable of reproducing proper rh5 expression, while deletion to R7 and R8 rhs. Following the detailed analysis of Fortini and Rubin (1990) on the rh3 and rh4 promoters, we Ϫ236 or Ϫ176 led to weaker pR8 expression. Finally, deletion analysis of the rh6 promoter (Ϫ555, Ϫ455, found that short promoters (between 137 bp and 276 bp) can mimic the complex expression pattern of all four Ϫ364, Ϫ246, and Ϫ157) revealed that Ϫ246/ϩ121 was the minimal promoter that still mimicked wild-type exof the inner rhs. Although most of the upstream RUS elements are unique to each rh promoter, we focused pression, albeit at considerably reduced levels compared to longer promoters. our attention on a series of highly conserved binding sites for homeoproteins that bear a lysine at position Previous analysis of the rh3 and rh4 promoters had identified several unique elements that are conserved 50 of their homeodomain, a residue that specifies DNA binding (Treisman et al., 1989) . These sites (TAATCC) among various species and are important for their regulation (Fortini and Rubin, 1990). These, referred to as are present in the rh3, rh5, and rh6 promoters, but absent in rh1, rh2, and rh4. Mutations of the K 50 binding sites RUS and RCS elements, are indicated in Figure 1 . We cloned the rh5 and rh6 promoters from D. virilis and in rh3 and rh5 completely abolish their expression, while mutation of the same sites in the rh6 promoter results compared them with the newly released D. pseudoobscura sequences. Comparing all inner PR rhs between in the expansion of its expression to the R1-R6 outer PRs. We also show that the K 50 homeoprotein Orthodenthe three Drosophila species, we identified a highly conserved K 50 element (TAATCC; Treisman et al., 1989; Wilticle (Otd) acts through these sites, as rh3 and rh5 are lost in otd mutants, while rh6 is expanded to PRs. Thus, son et al., 1996), which was present in several copies in the rh3, rh5, and rh6 promoters, but absent in the Otd plays a dual role: it is essential for establishing the expression of rh genes in the p subset as well as for rh1, rh2, and rh4 promoters (Figure 1) to the lamina, this indicated that rh6 expression was the specificity of these sites from K 50 to Q 50 homeoprotein expanded to outer PRs. To more accurately define this targets. Again, rh3 activity was abolished in the retina, expression, we fused to Gal4 the wild-type Ϫ555 rh6 although this modified promoter was now expressed in promoter, or versions carrying mutations of the K 50 sites, a specific pattern in the brain that was observed in all and crossed the resulting transgenic lines with a UAStransgenic lines (data not shown). Therefore, the K 50 sites GFP line. This allowed us to use in vivo fluoroscopy to are redundantly required for rh3 expression. assess the expression of GFP at single-cell resolution The rh5 promoter also contains two conserved K 50 ). The control rh6-Gal4 consites. KI is distal to the promoter, while KII is adjacent struct led to GFP expression in ‫%07ف‬ of the R8 PRs to, but nonoverlapping with RCSI/P3 (Figure 1 ). Mutation ( Figure 3C ), while the mutated transgene led to expanof both KI and KII, or only of the KI site, resulted in a sion to many, but not all outer PRs ( Figure 3F ; see also nonfunctional rh5 promoter ( Figure 2D ), while mutation below). The mutated promoter constructs were still exof KII alone had no effect on its expression ( Figure 2C ). pressed in a normal ratio of ‫%07ف‬ of inner PRs (Figures These data indicate that, like for rh3, a K 50 site is critical 3C and 3F, white and yellow arrows), a pattern consisfor rh5 expression. As rh3 and rh5 are expressed in the tent with gaps observed in the projection pattern in the same p subset of ommatidia, the K 50 sites may serve as medulla ( Figure 3E ). R7 and R8 project to two distinct elements that distinguish p from y rhs, and a common layers in the medulla, but we could only detect projec-K 50 homeoprotein regulator should act through these tions to the R8 axonal projection layer. Therefore, the sites to specify the p subtype.
KI-mutated rh6 promoter, although expanded to many outer PRs, appears to remain restricted to a subset of K 50 Sites Are Required to Repress rh6 Expression R8 cells in inner PRs. These experiments illustrate the in Outer PRs versatile role played by the K 50 motif in regulating rh The rh6 promoter, which is not expressed in the p subgenes, as they either mediate activation (rh3/rh5) or retype but instead in yR8, also contains K 50 sites, a distal pression (rh6). KI site and KII, which, like rh3KIV, shares its TAAT sequence with its RCSI/P3 element (Figure 1) . In contrast K 50 Sites Mediate Activation of rh3/rh5 with the loss of expression observed when we mutated and Repression of rh6 by Orthodenticle the K 50 sites in rh3 and rh5, we found that mutation of The identification of functional K 50 sites in rh3, rh5, and rh6 suggested that a K 50 homeoprotein recognizes these either the core TAAT of KI or the flanking CC led to a , 1996) . This suite of phenotypes is 5D). Using an rh6-lacZ reporter gene, we also observed projections to both the medulla ( Figure 4J , arrow) and strongly reminiscent of the function described for Crx, one of the vertebrate orthologs of Otd, which not only the lamina ( Figure 4J , white arrowhead; Figure 5F , green arrowhead), again indicating that rh6 expression was regulates PR cell morphogenesis but also directly regulates many PR-specific gene products in both rod and expanded to outer PRs. However, Rh6 expression did not expand to all inner PRs ( Figures 5B and 5D ).
Consiscone cells (Furukawa et al., 1997; Chen et al., 1997).
To test whether Otd was the factor that recognizes tent with this observation, the medulla projections of rh6-lacZ only reached a subset of the R8 layer, with the K 50 sites in rh3, rh5, and rh6, we analyzed rh expression in flies using antibodies to the various Rh proteins ‫%07ف‬ of the projections visible ( Figure 5F , white arrow shows gaps in the R8 projection layer). Interestingly, or by visualization of different rh-lacZ or -GFP transgenes. As previously reported, the shape of all eight PR we also observed a few instances where rh6-lacZ was Figure 4K ). Furthermore, interaction was lost when we mutated the rh5 K 50 site ( Figure 4K , and 5G), Rh3 and Rh5 expression was lost (Figures 5G and 5H), and Rh6 was present in outer PRs and in a lane 6). These data strongly suggest that Otd directly interacts with K 50 sites within the inner PR rhs, and parsubset of R8 cells ( Figures 5B-5D and 5H) . We also generated whole mutant eyes for the null otd 2 allele ticipates in two different mechanisms of rh regulation that determines the complex pattern of rh3, rh5, and present on an FRT chromosome using the eye-specific source of FLP recombinase, ey-Flp (Newsome et al., rh6 expression: activation of the p-type rhs (rh3 and rh5) and repression that restricts rh6 to inner PRs. 2000); Rh4 expression was maintained in a subset of R7 cells, Rh3 and Rh5 expression was lost, and Rh6 was expanded to outer PRs ( Figures 5G and 5H) .
Thus, the expression patterns of rh3, rh5, and rh6 Figure 4K ) using individual K 50 sites found in the rh3, rh5, or rh6 promoters, and found that was found in many p-type inner PRs, one might have expected that the rhabdomeric defects in the otd uvi mua GST-Otd homeodomain fusion protein bound specifically in vitro to these sites with high affinity, and that tant resulted from the lack of rhodopsin expression. However, electron microscopy studies have demonin PR morphogenesis, defects in R8 cell positioning (Vandendries et al., 1996) , and rh expression defects. strated that all PR rhabdomeres form in otd uvi mutants, despite their misshapen and duplicated appearance, do Thus, although otd is expressed and required in all PRs (Vandendries et al., 1996) , some of its actions are highly not degenerate (Vandendries et al., 1996) . This suggested that another rh was expressed in p-type inner specific to subsets of PRs. To test whether rh misregulation was independent from rhabdomere misformation, PRs to allow rhabdomere formation in the absence of rh3 and rh5. As we found that neither rh4 nor rh6 was and to establish the role of otd in PR differentiation, we examined the temporal requirement for otd throughout expanded to the p subset (Figure 5) Although there are no temperature-sensitive alleles of otd, it is possible to fully rescue the otd uvi phenotype the retina. A subset of axons that projected to the medulla was clearly, though weakly, stained with rh1-lacZ with a heat shock-otd (hs-otd) construct (Vandendries et al., 1996) . We devised a rescue regimen by heat pulsing in otd uvi flies, suggesting that rh1 was expanded to a subpopulation of inner PRs ( Figure 5E ). Using both rh1-otd uvi flies containing an hs-otd transgene at different times during pupation and examined the expression of lacZ and rh4-GFP transgenes, we could detect rh1-lacZ expression in the p subset, but also in some yR7 where various rh reporter constructs. Batches of developmentally synchronized flies were heat shocked twice for it was coexpressed with rh4. Thus, in the absence of otd, the pR7 only express low levels of rh1 while the 1 hr at 12 hr intervals, from 0 hr to 84 hr after puparium formation (APF; Figure 6 ). For maximum rescue, we also yR7 coexpress rh4 and low levels of rh1 (not detectable in the retina using the anti-Rh1 antibody; Figure 5A ). We treated otd uvi flies by heat shocking five times at 12 hr intervals from 24 hr to 84 hr APF, as described by conclude that Otd normally participates in repression of rh1 in inner PRs, and that its removal perturbs but Vandendries et al. (1996) . The flies were analyzed 24 hr does not abrogate this repression, which might involve after eclosion, and 3 days later to assay for the continued other factors. requirement for otd. We observed almost complete rescue of all otd uvi phenotypes after five successive heat shocks. The rhabDual Role of otd in Late Photoreceptor Differentiation domeres appeared normal in shape and were not split. In vivo visualization with rh3-GFP indicated that rh3 exotd is involved in several PR developmental processes that take place during pupation, including a general role pression was restored in 30% of R7 cells ( Figure 6D ). 
clearly shows that rh6 is expressed in outer PRs projecting to the lamina (green arrowhead) and in a subset of R8 cells (white arrow points to blank R8 PR projections). In a few instances, projections to the R7 layers can also be observed (yellow arrow). (G and H) Staining of endogenous Rh3 and Rh4 (G) or Rh5 and Rh6 (H) in wild-type, otd
uvi , or whole mutant eyes generated with ey-Flp and the null otd 2 allele recombined on an FRT chromosome.
rh6 expression was significantly reduced (although not copy of the gene, confirming that otd is expressed and required in all PRs, but that it is not sufficient to induce silenced) in outer PRs as observed by the loss of lacZ staining in the lamina from an rh6-lacZ transgene (comrh3 and rh5 expression. Thus, other factors are required, along with Otd, to activate p-type rhs. Interestingly, later pare Figures 6H and 6I ). This staining became stronger again in older flies (data not shown), indicating a conheat shocks (e.g., Ͼ48 hr APF) failed to rescue the rhabdomeric defects (see Figure 6F ; arrowhead shows an tinued requirement for the repression by Otd of rh6 in outer PRs. ommatidium with strongly disrupted rhabdomeres), and thus suggest that otd is involved in several PR developWe next examined the rescue achieved with short heat shock regimens. We were able to discriminate two mental processes at different times, namely rhabdomere formation prior to 48 hr APF, and rh gene expression short time windows when otd was needed. otd was necessary before 48 hr (50% pupation) to achieve proper after 48 hr. As no rescue of rh gene expression was observed with late heat shocks (Ͼ84 hr APF), otd aprhabdomere formation. Using water immersion (Pichaud and Desplan, 2001), we could see that many PRs had pears to be required at the time of initiation of rh expression for their appropriate expression and maintenance rescued rhabdomeres with early heat shocks at ϩ12 hr, ϩ24 hr, and ϩ36 hr APF ( Figures 6A and 6E , white in the different PR subtypes. arrow), but rh expression was not rescued; expression of rh3-GFP was strongly diminished and the rh6-GFP Discussion reporter was expanded to outer PRs ( Figures 6A, 6B , and 6E). Instead, rh expression was rescued with heat
The Otd/Otx Gene Family otd is a highly conserved gene whose ancestral function shocks performed between ϩ48 hr and ϩ72 hr ( Figures  6A and 6C) . Repression of rh6 in outer PRs was also resides in the determination of "anterior" structures. are involved in anterior brain development, and later in expression (e.g., otd uvi affects an eye-specific enhancer while a distinct enhancer responds to the morphogenervous system patterning. In contrast, the role of otd in PR morphogenesis appears to have been adopted netic gradient of Bicoid; Gao and Finkelstein, 1998). Similarly, our data indicate that the roles of Otd in PR by another related vertebrate factor, the Crx gene. For instance, Otx1/2 pattern the brain, while Crx affects morphogenesis and PR-specific gene expression can be temporally separated. We are currently testing cone and rod PR development as well as PR-specific gene expression ( 
, 1997). Some of Crx functions
The expression of the different rh genes is tightly restricted to different subsets of PRs, and this regulation might also be partially redundant with Otx2, which is also expressed in the retina. In Drosophila, the various is essentially transcriptional (Montell et al., 1987; Zuker et al., 1987; Fortini and Rubin, 1990). Although the miniroles of Otx/Crx might be represented by distinct regulatory elements that control otd anterior embryonic or eye mal promoters that we identified faithfully reproduced endogenous expression for rh4, rh5, and rh6, the rh3 site in the promoters. Alternatively, Otd could only be permissive for rh3 and rh5 expression, while spatial transgenes exhibited weak pan-R7 expression in the dorsal compartment of the eye, consequently overlapspecificity is provided by other proteins that bind to distinct elements within their promoters. RUS3B could ping with Rh4. Although this could reflect the lack of a regulatory element in the reporter construct, we obrepresent such an element for rh3, as we have shown that this site is essential for expression in pR7 (A.T., served the same weak expression with several types of constructs, which included 2.4 kb of upstream se-T.C., and C.D., unpublished data). Although Otx family genes mostly act as activators quence, the 3Ј UTR, and 1.2 kb of downstream genomic sequences. Furthermore, we could detect low levels of (Mailhos et al., 1998), Otx2 has been found to repress the expression of XWnt-5a (Morgan et al., 1999) through Rh3 in all R7 in the dorsal region using anti-Rh3 antibodies (data not shown). It is interesting to note that, in a conserved K 50 site in its promoter, suggesting that the repression activity of Otd is also conserved in verteother species, several rhs have been shown to be coexpressed in the same PR. For instance, in the butterfly brates, and might depend on similar cofactors. It will be interesting to investigate whether Otx2, together with papillio and in bee and mouse, coexpression between Rhs is observed with dorsoventral differences ( The loss of rh3 and rh5 expression in p inner PRs is not compensated by expansion of the y inner PR rhs; rh4 nor does it affect rh1 or rh6; third, our ability to fully rescue the expression of rh3 in otd uvi mutants by pulses and rh6 remain largely restricted to the y subset of R7 and R8. This suggests that the p ommatidia remain comof otd demonstrates that otd does not need to be restricted to p-type ommatidia; fourth, otd is required in mitted as such but fail to express their rhs. This is consistent with the direct binding of Otd to the rh3 and rh5 the outer PRs to repress rh6 and in all PRs for proper rhabdomere morphology; and finally, otd is required for promoters, which are terminal differentiation markers, and also shows that otd is not the spatial determinant preventing rh1 expression in most, if not all inner PRs, probably through an indirect mechanism. Indeed, we of p versus y fates. While the loss of p rhs should lead to a lack of proper rhabdomere formation or to their found no K 50 sites within the rh1 promoter construct that shows derepression in otd uvi mutants, while, rh3, rh5, degeneration ( (Vandendries et al., 1996) . We suggest that this may be due to the low levels of Rh1 that are induced by the rh6 is identical, they function to activate the p-type rhs and to repress rh6 in outer PRs (and in a subset of R7 absence of rh gene expression in inner PRs lacking otd, thus avoiding degeneration. Thus, Rh1 may serve as a cells). While we could not detect conserved flanking sequences associated with the activator K 50 sites in rh3 "default" rhodopsin whose expression is normally repressed in inner PRs by Otd or through an Rh-mediated and rh5, we found that the rh6 KI site is associated with a 21 bp sequence that is highly conserved in D. virilis exclusion process. A general rule in many sensory systems is that expresand D. pseudoobscura (Figure 1 ). This sequence might represent the site of action of a corepressor binding sion of a sensory receptor molecule in a given cell excludes the expression of all other sensory receptors. together with Otd to transform it from an activator into a repressor. While mutation of this element in the context For instance, the vertebrate or Drosophila olfactory receptors or the Drosophila rh genes are generally not of the Ϫ555/ϩ121 or Ϫ246/ϩ121 rh6 promoter did not lead to expansion of reporter activity to outer PRs (data coexpressed. Although the vertebrate olfactory receptor molecules themselves do not appear to play a role in not shown), it remains possible that this site and/or other not yet unidentified elements function redundantly in the exclusion pathway, it has been argued that they might be directly involved in some step in the specificapreventing rh6 expression in outer PRs.
As otd does not provide the spatial specificity to rhs, tion of olfactory receptor cells, in particular their projection pattern (Mombaerts et al., 1996) . The Rhs are, like other factors must do so. For instance, a coactivator might be expressed specifically in p-type ommatidia to the olfactory receptors, seven-transmembrane G-coupled receptors, and they might too play an instructive activate rh3 and rh5, while a corepressor might be needed in outer PRs to repress rh6. These cofactors do role in the exclusion pathway that is distinct from their role in phototransduction (Chang and Ready, 2000). In not have to bind DNA and thus might not have a cognate that specific cofactors are required to allow the spatial determination of the two classes of ommatidia.
Experimental Procedures
Cloning of rh6 Promoter The Drosophila melanogaster rh6 promoter was cloned by inverse PCR. One microgram of genomic DNA was digested for 4 hr by different four-cutter enzymes (NdeII, HpaII, and AvaII). The digestion reactions were diluted 1/60 and ligated using T4 DNA ligase (3,600 U). An initial PCR reaction (94ЊC for 2 min, [94ЊC for 30 s, 55ЊC for 1 min, 72ЊC for 1 min] ϫ 40, 72ЊC for 5 min) was performed using the primers: ϩ561rh6(3Ј): CAGTAACGATCGTAGGCAATCAG and ϩ732rh6(5Ј): CGGCTGGAATCGATATGTGCCCG. A nested PCR was then performed using primers ϩ561rh6(3Ј) and ϩ774rh6(5Ј): GGT CTATCTCACTCCGCTGCTGAC. The amplified bands were cloned in the TA vector (pCR2.1; Invitrogen). otd mutants, the general coexpression rule is broken as
Cloning of the Drosophila virilis rh6 Gene

Plasmid Constructs
Rh6 and Rh1 coexist in outer PRs, and Rh1 and Rh4
All Rh3 deletions were generated by PCR using pDM30Rh3(Ϫ2500/ are present together in yR7. This suggests that otd-ϩ18) as a template (kindly provided by Charles Zuker). Rh4(Ϫ373/ mediated processes are key to the exclusion process. functions downstream of the p/y decision pathway, and
